We report a set of theoretical calculations designed to examine the potential of model uranyl complexes to participate in hydrogen-and halogen-bonding. Potential energy scans for the interaction of [UO2Cl2(H2O)3] and [UO2(NCSe)2(H2O)3] with a single water molecule demonstrate that uranyl is a weak hydrogen bond acceptor, but that equatorially coordinated water is a strong hydrogen bond donor. These predictions are supported by a survey of contacts reported in the Cambridge Structural Database. At the minima of each scan, we show that the interaction energy is only weakly dependent on the choice of theoretical method, with standard density functional theory methods comparing well with coupled-cluster, MP2 and double-hybrid DFT predictions.
Introduction
The chemistry of the uranyl ion, once dominated by its aqueous chemistry, has recently expanded into the field of supramolecular chemistry. 1 shown by the use of carboxylates. 2 Simple oxalates can give dimeric species or higher nuclearity 3 species to form chains; simple monofunctionalised carboxylic acids result in monodentate and bridging modes, while larger, more complex acids can yield MOF assemblies 4 and polycatenated frameworks. 5 Further methods for forming coordination polymers invoke the tendency for the hydrated uranyl ion to hydrolyse to form, sometimes unpredictably, oxo and hydroxo bridged systems. Other structural motifs can be formed from heterobimetallic uranyl coordination polymers. 6 Control of the geometry outside the coordinated equatorial ligands is more of a challenge for traditional coordination chemistry. Cation-cation interactions have been found to extend this dimensionality: selected examples include [UO2(NO2TA)2(H2O)] (NO2TA = 2-nitroterephthalic acid) 7 or the purely inorganic Cs4[(UO2)7(WO5)3O3]. 8 More recently the supramolecular chemists arsenal of non-covalent interactions have featured in uranyl crystal chemistry. Hydrogen bonding between a [UO2Cl4] 2anion and bipyridinium cations afford various topologies according to the nature of the cation. 9 Pérez-Conesa et al used ab initio methods to show that binding of [UO2(H2O)5] 2+ to the surface of clay materials is dominated by hydrogen bonds involving equatorial OH2 ligands as donors to O atoms in the clay. 10 Much weaker hydrogen bonding via C-H … Oyl-U interactions, 11 sometimes via charge assisted hydrogen bonding, 12 have been reported and can be used to selectively separate or sense the uranyl ion selectively from complex mixtures. 13 Surbella et al show how NCSligands bound to uranyl lead to a wide range of non-covalent interactions, including hydrogen bonds, S···S and S···Oyl interactions, 14 as ell as "…H-OH hydrogen bonds that facilitate formation of infinite chains. 15 Carter et al de o strated that ura l o ge s participation in halogen bonding interactions with iodine determines the 3D crystal structure and spectroscopy in a range of complexes. 16 Recently, we showed that equatorial NCSand NCSeligands give rise to a range of non-covalent interactions in the solid state, including hal oge ide… hal oge ide, U-Oyl…H-C a d " e …H-C hydrogen bonding. 17 Following literature reports, including some from our groups, of the use of uranyl in supramolecular chemistry and molecular recognition, this work concentrates on the ability of uranyl species to engage in non-covalent interactions, and in particular hydrogen-and halogen-bonding.
In this work, we use ab initio and density functional theory (DFT) methods to explore potential energy surfaces for hydrogen and halogen bonding of model compounds, and to benchmark the performance of different theoretical methods in calculating geometry and energy of such interactions. To avoid complications in calculating and analysing data, we selected neutral model systems with no unpaired electrons, and hence minimal spin-orbit coupling: namely [UO2Cl2(H2O)3] and [UO2(NCSe)2(H2O)3]. Theoretical investigation of the actinides is well developed, but the choice of methodologies is important as erroneous results can stem from certain combinations of method and basis set. The suitability of DFT for ground and excited state properties of uranium compounds was recently demonstrated through careful benchmarking: 18 our goal here is to provide a similar level of checking for non-covalent interactions.
Methods
Potential energy surfaces were calculated using the ORCA package 19 , using the small core ECP60MWB 60-electron ECP/basis set on U, 20 and the def2-TZVP(-f) basis set on all remaining atoms. 21 Using this basis set, counterpoise corrected binding energies were calculated using DFT (BP86-D3, 22,23 B3LYP-D3, 24 wB97X-D3, 25 M06-2X 26 and double-hybrid B2PLYP 27 ) as well as ab initio (HF, MP2 28 and DLPNO-CCSD(T)). 29 Further calculations used the 78-electron Lanl2DZ basis set/ECP on U, 30 and/or the 6-31G(d,p) basis set on light atoms. 31 Electronic properties were calculated using Gaussian09 at the M06-2X level with a basis set consisting of SARC-DKH all electron basis on U 32 with def2-TZVP on all remaining atoms, with relativistic effects described using the Douglas-Kroll-Hess approach. 33 Atoms-in-Molecules analysis of the resulting all-electron densities used the AIMAll package, 34 while NBO analysis was performed with NBO v3.0 within Gaussian09. 35 To quantify these expectations, a series of potential energy scans was calculated. Figure 2 shows the first of these, in which a single water molecule donates a hydrogen bond to Oyl directly along the U-Oyl vector. (This is not necessarily the optimal U-O…H a gle, ut our hief goal here is to assess the performance of different methods without complication of possible interactions with equatorial ligands). These data confirm the expectation of a relatively weak hydrogen bond, with maximum stabilisation of around 10 to 15 kJ mol -1 , depending on method, occurring close to ' O…H = . Å. For comparison, the water dimer binding energy calculated at BP86-D3 level is -20.0 kJ mol -1 at ' O…H = . Å. The predi ted O…H o ta t is also i agree e t ith the r stal structure of [UO2Br2(OH2)3], for which a U-Oyl…H dista e of .
Results and Discussion
Å was found. 36 In order to further probe the strength of the H-bond, and also to better test the suitability of different methods, binding energy at ' O…H = . Å was calculated with more methods, as reported in Table 1 . All methods indicate the weakness of this hydrogen bond, between 50-75% of the binding energy of a water dimer. Taking DLPNO-CCSD(T) as a benchmark, it is evident that MP2 best reproduces this, with double-hybrid B2PLYP and meta-hybrid M06-2X also close. More conventional DFT methods with dispersion correction overestimate binding somewhat, with wB97x-D3 slightly better than BP86-D3, which in turn is rather better than B3LYP-D3. PBE-D3, which was recommended for geometries of uranium complexes, 18 performs similarly to other conventional DFT methods. It is also apparent that correlation effects are small here, since the HF binding energy is within 2 kJ mol -1 of the CCSD(T) one.
A further scan of the angular dependence of binding energy on U-Oyl…H a gle is sho i Figure   3 , which reveals the optimal angle to lie around 125 before rising steeply at smaller angles, and a slight (ca. 1 to 2.5 kJ mol -1 ) increase in binding between 180 and 120. Here, DFT methods result in sharper differences between 120 and 180 than does MP2, although all methods agree on the general trend. benchmark DLPNO-CCSD(T) method indicates binding approximately 2.5 times stronger than in Table 1 , and markedly stronger than in the water dimer. Again MP2 comes close to reproducing this values, and the correlation contribution to binding is small at 3.3 kJ mol -1 . DFT methods also work well here: double-hybrid B2PLYP is again the best of these, but here BP86-D3 actually outperforms more sophisticated methods. Full geometry optimisation using BP86-D3 was then performed, starting from the minimum of the above PES scans, without any geometrical or symmetry constraint. This results in a cyclic structure containing U=O…H-OH and U-O-H…OH2 H-bonds, as shown in Figure 6 . The for er has ' O…H = (Table 3) further supports this picture: both H-bonds have properties at relevant bond critical points typical of hydrogen bonding, but by every measure the latter is markedly stronger than the former. The effect of H-bonding on the uranyl bonds is also evident: the U-Oyl that acts as an acceptor is notably weaker than the bond not involved in H-bonding, with BCP and bond order reduced by around 20%. As with U-Oyl stretch, such data has been used to test for covalency in equatorial coordination. 39 Our data indicate that the effects of hydrogen bonding, while relatively subtle, are of a similar order to those observed due to covalency. AIM data also reflects the stronger redshift of O-H stretch where this bond serves as the donor in the stronger hydrogen bond, with most measures of bond strength around 10% lower. 'e e t ork fro Cahill s group suggested the use of haloge o di g as a ea s to effe t supramolecular recognition of uranyl ions without the risk of hydrolysis that stems from hydrogen bonding. 16 We have therefore carried out a preliminary study of a model complex, namely [UO2Cl2(H2O)3]…Br-Cl, in which BrCl is a strong halogen bond donor. Figure 8 shows the optimal geometry of this complex, in which ' Br…O = . The above results clearly show the weakness of Oyl as a hydrogen-or halogen-bond acceptor, but do not explain the origin of this behaviour. To examine this in more detail, we employed NPA and NBO analysis ( Table 6 ). The former indicates much smaller atomic charges than formal U 6+ and O 2-, reflecting the importance of covalent bonding within the uranyl unit and with equatorial ligands.
Oyl is markedly less negative than OOH2, reflecting the pattern seen in the electrostatic potential.
Overall, the UO2 unit is slightly (+0.08 e) positive, balanced by larger negative (-0.35 e) and positive (+0.21 e) charges on Cl and OH2 units, respectively. The importance of covalency is also seen in electron configurations: formally empty valence orbitals on U exhibit significant population, most notably in 5f and 6d. Also, the ratio of p to s population in Oyl is smaller (2.72) than in OOH2 (3.04), but not to the extent that assignment of the former as sp 2 and the latter sp 3 seems warranted. 41 equatorial ligands affect the energy ordering compared to that set out for bare
[UO2] 2+ . Here, we find that the -bonding NBOs are higher in energy than the -bonding ones, which might suggest that their chemistry should be analogous to organic or transition metal carbonyls. However, the strong overlap with 5f orbitals in both -bonding NBOs means that these are not available as lone pairs as they would be in p-or d-block molecules. Also, the NBO that is ost lo e-pair-like is the o e de oted u, but this is lowest in energy of the U-O bonding orbitals and hence less available for interaction with H-bond donors than might be anticipated from the plot alone.
Conclusions
We have used theoretical methods, supported by crystallographic data, to examine the propensity for hydrogen-and halogen-bonding within some model uranyl systems. This clearly shows the weakness of U-Oyl as an acceptor for hydrogen bonding: the stabilisation of a complex to water is estimated to be around -11 kJ mol -1 , compared to -20 kJ mol -1 for the water dimer using the same ethods. The opti al O…H dista e for this interaction is found to be around 2.10 Å, which agrees well with the most common value found in a survey of published crystal structures. In contrast, equatorially coordinated water acts as a strong H-bond donor with stabilisation in a complex with water of around -30 kJ mol -1 . U-Oyl is also found to be a viable acceptor for halogen bonding, while equatorial [NCSe]is a weak pseudo-halogen bond donor. In the model complexes considered here, water forms a cyclic hydrogen bonded complex when allowed to relax with no geometrical constraint. The dominance of the equatorial water ligand in determining the geometry and stabilisation of this complex is shown by NBO and AIM data. The weak acceptor ability of Oyl is proposed to stem from the covalent overlap in U-Oyl bonds: NBO analysis finds 4
bonding MOs corresponding largely to donation from O to U, along with significant population of formally empty valence orbitals on U, leading to reduced negative charge on Oyl and low-energy Ocentred molecular orbitals that are relatively unavailable for interaction with hydrogen bond donors.
In the light of recent literature discussions on benchmarking of quantum chemistry, 42 this work falls more towards internal validation of approximate methodology against more quantitative data, rather than comparison against experiment. We take this approach mainly to avoid complications in interpretation of data: Figure 4 is a case in point, where a second maximum in O…H dista e appare tly stems from interaction modes other than the one of interest.
Nevertheless, we report some experimental data here that support our theoretical predictions, and intend to further compare DFT predictions to experimental data in future.
